Background-Tunnel workers are exposed to gases and particles from blasting and diesel exhausts. The aim of this study was to assess the occurrence of respiratory symptoms and airflow limitation in tunnel workers and to relate these findings to years of exposure. Methods-Two hundred and twelve tunnel workers and a reference group of 205 other heavy construction workers participated in a cross sectional investigation. Exposure measurements were carried out to demonstrate the diVerence in exposure between the two occupational groups. Spirometric tests and a questionnaire on respiratory symptoms and smoking habits were applied. Atopy was determined by a multiple radioallergosorbent test (RAST). Radiological signs of silicosis were evaluated. Respiratory symptoms and lung function were studied in relation to years of exposure and adjusted for smoking habits and atopy. Results-Compared with the reference subjects the tunnel workers had a significant decrease in forced vital capacity (FVC) % predicted and forced expiratory volume in one second (FEV 1 ) % predicted when related to years of exposure. Adjusted FEV 1 decreased by 17 ml for each year of tunnel work exposure compared with 0.5 ml in outdoor heavy construction workers. The tunnel workers also reported significantly higher occurrence of respiratory symptoms. The prevalence of chronic obstructive pulmonary disease (COPD) was 14% in the tunnel workers compared with 8% in the reference subjects. Conclusion-Exposure to dust and gases from diesel exhaust, blasting, drilling and rock transport in tunnel work enhances the risk for accelerated decline in FEV 1 , respiratory symptoms, and COPD in tunnel workers compared with other heavy construction workers.
Tunnelling is a common feature of heavy construction work in Norway. In 1998, 875 new tunnel kilometres were excavated. The technology of tunnel excavation has developed rapidly during recent years. Currently used methods apply large high powered machines at high working intensity. Considerable amounts of diesel exhausts are emitted in addition to other pollutants such as gases and dust from blasting. 1 2 It is known that construction workers have an increased risk of mesothelioma, 3 on-site trauma, 4 musculoskeletal injury, 5 and dermatitis, 6 but whether they also have an increased risk of work related chronic obstructive pulmonary disease (COPD) has not been clearly established. 7 8 In a cross sectional study "non-specific chronic lung disease" was reported to occur more frequently in nonsmoking older construction workers than in their non-smoking blue collar counterparts, and this higher occurrence of chronic lung disease was ascribed to dust exposure. 9 However, the study did not distinguish between the various job categories within construction work. In a Norwegian cross sectional study of men aged 30-46 years with occupational exposure to -quartz and normal chest radiographs, the duration of exposure was shown to be an independent predictor of spirometric airflow limitation. 10 However, tunnel workers constituted just one of many working groups assumed to be exposed to -quartz and quantitative exposure assessments were not carried out.
Diesel exhaust has been reported to give inflammatory and antioxidant responses in the airways, 11 as well as airways obstruction. 12 Decreased lung function after exposure to nitrogen dioxide (NO 2 ) has also been reported. 13 A study of machine shop workers concluded that occupational asthma due to oil mists was common.
14 Tunnel workers are heavily exposed to all the above mentioned pollutants ( -quartz and other particles from blasting, diesel exhausts, NO 2 and oil mist), but to our knowledge no previous study has described the relationship between COPD and tunnel work. The principal aim of this study was to assess the occurrence of respiratory symptoms and airflow limitation in tunnel workers and to relate these findings to years of exposure.
Methods

SUBJECTS
All tunnel and other heavy construction workers (n = 417) employed at 15 work sites were invited to participate in a cross sectional study. The medical tests were carried out at the work sites and the health service team returned to the sites several times until the attendance rate was 100%. The study group consisted of 212 male tunnel workers (tunnel face workers, shotcreters and concrete workers) who lived at a camp for two weeks and then stayed home for one week. They worked 10 hour shifts with two breaks of 30 minutes each. The study group was compared with a reference group comprising 205 heavy construction workers (carpenters and iron fixers) who worked in the open, but otherwise had the same working schedule as the tunnel workers. None of the heavy construction workers had previously worked in tunnelling. Demographic data of the study subjects are given in table 1. The study was approved by the National Data Inspectorate and the Regional Medical Board of Ethics.
EXPOSURE
Job description
The excavation of tunnels is intensive and demanding. The workers are skilled and physically fit. In addition to operating large drilling machinery and blasting, the tunnel workers perform a variety of other jobs. The work normally follows this sequence: (1) drilling holes for placing the explosives, (2) blasting, (3) loading debris onto trucks or mining cars which are pulled by diesel locomotives and transported out of the tunnel. The support work includes fastening the unsafe rock with steel bolts, covering the rock with a concrete layer by shotcreting or by casting a concrete lining. Tunnels longer than about 200 m are usually mechanically ventilated during excavation. Fresh air is supplied through a flexible ventilation duct from a fan outside the tunnel to the tunnel face where the blasting crew works. In most cases the blast cloud is dispersed through the tunnel cavity.
Sampling methods
Measurements were carried out on 15 construction projects during a three year period between 1996 and 1999. A total of 193 workers (tunnel and construction workers) participated in the exposure assessments. Respirable and total dust, oil mist, and inorganic gases were collected by personal sampling. The persons to carry the samplers were chosen at random, as were the days when sampling was carried out.
Total dust was collected on acryl copolymer membrane filters (type Versapore 800) with pore size 0.8 µm in 25 mm aerosol filter cassettes (type Gelman) with a sampling flow rate of 2.0 l/min. Respirable dust was collected on 37 mm cellulose acetate filters with a pore size of 0.8 µm in Casella cyclones with a sampling flow rate of 2.2 l/min. The sampling time varied from five to seven hours and was assumed to be representative of the 10 hour shift. The amount of dust collected was measured by gravimetric analysis. The determination of silica in the respirable fraction was analysed by x ray diVraction. Oil mist was collected on glass fibre filters (type Whatman GF (A)) and cellulose acetate filters with a pore size of 0.8 µm in 37 mm aerosol cassettes (type Millipore).The sampling time varied from two to four hours. Oil mist was analysed by Fourier transform infrared spectroscopy after desorption with Freon 113. NO 2 was measured by direct reading instruments, electrochemical sensors with a data logging facility built into the instrument (type Neotox-xl personal single gas monitor, Neotronics Limited, Takeley, UK). A sampling rate of one reading every second minute was selected. The sensors were calibrated every second month with gases of known concentrations.
ASSESSMENT OF RESPIRATORY HEALTH EFFECTS
Questionnaire
A self-administered questionnaire applied in earlier Norwegian investigations 15 16 and validated in 1989 17 was used to assess the presence of lower airways symptoms. Questions included physician diagnosed asthma and occurrence of cough, wheeze, chest tightness and shortness of breath (at rest and at exertion). In accordance with diagnostic criteria previously applied in Norwegian population surveys, COPD was diagnosed in those with a history of chronic cough, phlegm when coughing, breathlessness and/or wheezing, and a ratio of forced expiratory volume in one second (FEV 1 ) to forced vital capacity (FVC) of less than 0.7.
18
To categorise smoking habits the subjects were classified as never smokers, former smokers, and smokers. 19 Former smokers were those who had stopped smoking for more than 12 months (table 1) . In current and former smokers the quantitative eVect of smoking was measured in pack years. 10 This was calculated by multiplying the duration of smoking (in years) by the average number of cigarettes smoked daily divided by 20.
Spirometric tests
Spirometric measurements were performed in the sitting position with a bellows spirometer (Vitalograph S with PFT2 PLUS printer, Buckingham, UK), operated by the same trained technician. The spirometer was calibrated daily using a three litre syringe. The subject was wearing a nose clip. The measurements were performed in accordance with the guidelines recommended by the American Thoracic Society. 20 Room and spirometer temperature, as well as barometric pressure, were recorded. Each subject performed at least three preferably identical FVC curves-that is, within a variation of 50 ml or a maximum of 2%.The best FEV 1 values were selected for statistical analysis. Two subjects did not complete the spirometric examination. Recorded variables were FVC, (FEV 1 ), FEV 1 /FVC × 100 (FEV 1 %), and forced expired flow from 25% to 75% of FVC (FEF ). The lung function variables were expressed in absolute values and as percentage of predicted using the reference values of the European Coal and Steel Community (ECSC). 21 
IgE measurements
Venous blood samples were drawn from all subjects. The serum samples were frozen at -70°C. Screening for atopic allergy was performed using Phadiatop (Pharmacia Diagnostics AB, Uppsala, Sweden), a multiple RAST (radioallergosorbent test) of IgE against 10 common respiratory allergens (birch, timothy, mugwort, Cladosporium herbarum, Alternaria tenuis, Dermatophagoides pteronyssinus, cat dander, dog epithelium, and horse dander). 22 
Chest radiographs
Full format chest radiographs were taken in all the tunnel workers and were read "blind" by two independent radiologists. The first reader was a radiologist at the hospital where the chest radiographs were taken and the second reader was a certified International Labour Organisation (ILO) A-reader who used the ILO classification method to evaluate radiological signs of silicosis. 23 
DATA ANALYSIS
Demographic data were summarised for each occupational group using mean and standard deviation for continuous data and numbers and percentages for categorical data. The relationships between respiratory symptoms (yes/no) and the covariates occupational group, smoking status, years employed in the same job, and atopy (no/yes) were investigated using logistic regression. 24 The covariate smoking status contained the categories never smoked and former/ current smokers, and the covariate years employed in the same job contained the categories <10 years, 10-20 years and >20 years. Two design variables were produced from the covariate years employed in the same job: the first compared <10 years with 10-20 years and the second compared 10-20 years with >20 years.
The following three interaction terms were investigated: occupational group and smoking status, occupational group and years employed in the same job, and occupational group and atopy. The covariate age was not included in the model due to high correlation (above 0.7) with the covariate years employed in the same job. The risk ratio of tunnel versus construction work was estimated by adjusted odds ratio (tunnel/construction) from the regression model including all four covariates. Corresponding 95% confidence intervals for the adjusted odds ratios were also calculated. The COPD data were analysed in the same way as were respiratory symptoms.
The lung function variables were presented as percentages of the predicted values. The relationships between lung function variables and the covariates occupational group, smoking status, years employed in the same job, and atopy were investigated by means of analysis of variance. 25 The covariates were categorised in the same way as respiratory symptoms and the same interaction terms were investigated. The diVerence between tunnel and construction workers was estimated by adjusted mean from the analysis of variance model including all four covariates. Corresponding 95% confidence intervals for the adjusted mean diVerence was also calculated. In the case of significant interaction terms the adjusted mean diVerence was stratified by the significant term.
The relationship between a decrease in FEV 1 from the predicted value and years employed in the same job, pack years, and atopy was investigated by means of multiple regression. 25 The regression coeYcients from this model were used to estimate the decrease in FEV 1 from the predicted value for each adjusted covariate in the regression model. The exposure data were best described by log normal distributions and were lntransformed.
Results
CLINICAL FINDINGS AND RESPIRATORY SYMPTOMS
The tunnel workers and the reference group were comparable with respect to age, atopy, and smoking habits (table 1). There was an even distribution of current smokers across the age groups. The tunnel workers reported a higher prevalence of cough during the day, shortness of breath on exercise, and chest tightness and wheezing than the reference subjects (table 2) . Morning cough was associated with current smoking in both groups. Other non-significant diVerences in symptoms between the groups are not presented in the table.
LUNG FUNCTION FVC (% predicted) and FEV 1 (% predicted) in the tunnel workers decreased significantly with years employed in the same job compared with other heavy construction workers (table 3) . FEV 1 % and FEF (% predicted) were decreased in the tunnel workers compared with the reference values (table 3). FEV 1 decreased by 17 ml for each year of exposure to tunnel work (p = 0.001) compared with 0.5 ml for each year of exposure in outdoor construction workers, and by 9 ml for each pack year of cigarette consumption in tunnel workers (p = 0.001) compared with 7 ml in outdoor heavy construction workers (p = 0.08; table 4). The prevalence of COPD was 14% in the tunnel workers and 8% in the reference subjects (p = 0.03). Adjusted odds ratios for COPD are given in table 5. Only two of 212 tunnel workers and five of 205 construction workers reported asthma. CHEST 
RADIOGRAPHS
None of the tunnel workers had radiological signs of silicosis. One subject who had a history of asbestos exposure had pleural plaques.
EXPOSURE CHARACTERISATION
The results of the exposure measurements are summarised in table 6. The tunnel workers had a higher geometric mean exposure to total dust and respirable dust than the reference subjects. They were also exposed to significantly higher levels of -quartz, oil mist, and NO 2 . Exposure to particles in the tunnels showed high variability. The highest eight hour time . The tunnel workers were periodically exposed to high concentrations of NO 2 (peak value 48.5 ppm). The highest levels of exposure were measured when the tunnel workers passed through the blast cloud during transportation of the blasted mass. High concentrations of NO 2 were also measured during loading of the blasted rock onto diesel powered trucks (1.86 ppm, 8 h TWA (ceiling value 2 ppm, Norway, 1998)).
Discussion
Both the annual loss of FEV 1 related to exposure and the prevalence of COPD were higher in the tunnel workers than in the reference group. The prevalence of COPD in the reference group (8%) was also higher than that found in the general population (5.4%). 19 This may be explained by the fact that outdoor construction workers (our reference group) are also exposed to dust and oil mist, although to a lower degree than the tunnel workers. The adjusted annual diVerence in FEV 1 associated with each year of tunnel work exposure (17 ml/ year) was four times higher than that found in Norwegian men exposed to -quartz (4.3 ml/year) 10 and was also higher than that observed in British coal miners (7 ml/year) 26 and South African gold miners (9 ml/year). 27 In the Norwegian study tunnel workers comprised only 5% of the subjects who had been exposed to -quartz. 10 Tunnel workers are not only exposed to dust but also to considerable amounts of diesel exhaust and NO 2. Our findings may indicate that this combined exposure has an eVect on the airways that is worse than the eVect of dust exposure alone. The observed adjusted eVect from cigarette smoking on FEV 1 (9 ml/pack years) was almost identical to that observed in previous cross sectional studies in Norway, South Africa, and the USA. 10 26 28 The absence of radiological pathology in the tunnel workers excludes the possibility that the accelerated rate of decrease in FEV 1 should be caused by silicosis. Other studies, mainly among coal and gold miners, have also indicated an association between moderate to high levels of exposure to -quartz and a reduction in FEV 1 in the absence of radiological findings. 26 27 Surveillance data on the incidence and prevalence of respiratory disease among construction workers are limited 29 but some studies have suggested an increased risk of emphysema and chronic bronchitis. 8 9 In the Zutphen study Heederik et al found an increased prevalence of respiratory symptoms among construction workers and an increased incidence of "chronic non-specific lung disease". 30 31 However, that study did not diVerentiate between the various subgroups of construction workers as we have done in our study.
Compared with the reference group, the tunnel workers had a significantly higher exposure to total and respirable dust, -quartz, oil mist, and NO 2 . Exposure to dust in the tunnels was periodically higher than the Norwegian hygienic standards which are 10 mg/m 3 for total dust, 5 mg/m 3 for respirable dust, and 0.1 mg/m 3 for -quartz (8 h TWA, Norway, 1998). Exposure to NO 2 was in some situations 25 times higher than the threshold value (2 ppm, Norway, 1998). Since all these components were observed in significantly higher levels in the tunnel workers than in the reference group, it is impossible to distinguish between the various pollutants with respect to detrimental eVects on the airways.
The observed relationship between exposure in tunnel work and airways dysfunction may have been biased by several factors. Firstly, selection bias may have aVected our results. Previous studies have shown that individuals who choose to enter dusty professions have better lung function than those who do not (primary health selection). 32 To avoid a healthy worker selection bias we chose a reference group that was comparable to the study group with respect to education, socioeconomic status, selection for employment, working schedule, and work organisation. The two groups of workers were also comparable with respect to age, height, and smoking habits. Thus, if primary health selection had occurred, it had probably occurred both in the study group and in the reference group. The fact that FVC was above 100% predicted in both groups may support this notion. Also, outdoor construction workers are exposed to dust and oil mist, but at lower levels than tunnel workers. We therefore believe that the observed diVerences in respiratory symptoms and airflow limitation between the tunnel workers and the outdoor construction workers reflect diVerences in work exposure.
The cross sectional design of the study may have led to an underestimation of the eVects of exposure because sensitive employees might have left the occupation. The workforce studied in cross sectional surveys can therefore be regarded as the "survivors" in the trade. The low prevalence of asthma (1-2.5%) points in the same direction and may indicate a strong "healthy worker eVect" among heavy construction workers in general.
We were not able to estimate individual cumulative exposure in the tunnel workers. The assessment of exposure was task based both in tunnel work and construction work, but in the assessment of respiratory health eVects the workers were assigned to groups based on job title (tunnel worker versus construction worker) without information on the individual job tasks performed.
Levels of exposure in the tunnels showed large variability, which is probably related to performances of diVerent job tasks. 33 Variation in exposure will depend on variation in work intensity and location within the tunnel. Factors such as fan capacity, tunnel length, condition of the ventilation duct, distance from the end of the duct to the blasting area, and disturbances in the air streams may all influence the pollution levels in diVerent parts of the tunnel. Because of these variations we found it necessary to carry out exposure assessments in all the construction sites (n =15) to estimate the (geometric) mean exposure.
Diesel exhaust and the blast cloud both contain gases and particles with complex and varying composition. A study has shown that acute, short term exposure to diesel exhaust produces a pulmonary inflammatory response in healthy human volunteers. 11 In healthy subjects exposure to 2 ppm NO 2 for four hours has been shown to cause neutrophilic inflammation in the airways. 34 A study of machine shop workers concluded that occupational asthma due to oil mists was common, 14 and exposure to -quartz has been shown to be an independent predictor for spirometric airflow limitation. 10 Thus, the observed eVects on the airways in tunnel workers in the present study may reflect a combined exposure to several components with a similar outcome.
In conclusion, exposure to dust, NO 2 and oil mist from diesel exhaust and blasting seems to enhance the risk for respiratory symptoms and COPD in tunnel workers compared with other heavy construction workers.
